The covariant spectator quark model is applied to the γ * N → N * (1520) reaction in the spacelike region. The spin quark core contributions to the electromagnetic form factors and helicity transition amplitudes are estimated from the covariant structure of the N * (1520) wave function calibrated by the experimental data for large squared momentum transfer Q 2 . The difference between the model results and the experimental data is then used to parametrize the low Q 2 behavior, where meson cloud effects are assumed to dominate. This parametrization can be very useful for future studies of the reaction, as well as for the extension of the transition form factors to the timelike region.
I. INTRODUCTION
The electromagnetic structure of the hadrons and its connection to Quantum ChromoDynamics is one of the most interesting topics of investigation in hadronic physics. Recently, accurate data involving nucleon resonances (baryons) was extracted from experiments at low and high Q 2 (Q 2 = −q 2 , where q is the momentum transfer), in such facilities as Jefferson Lab (Jlab) and MAMI (Mainz) [1, 2] , demanding theoretical interpretations. These experiments access the electromagnetic structure of several baryons through the scattering of electrons off nucleons (N ), inducing nucleon electroexcitation reactions (e N → e ′ N * ). These electroproduction reactions proceed through the intermediate step γ * N → N * , where γ * is a virtual photon, with a cross section that can be written in terms of electromagnetic form factors.
The pattern of the excitation of the nucleon resonances N * is observed in the total cross section as a function of the γ * N invariant mass W , and the first excitation is clearly characterized by the bump around W ≃ 1.2 GeV, identified as the state ∆(1232), which defines the first resonance region. For a review about the ∆(1232) see Refs. [1, [3] [4] [5] . The second bump is a combination of several resonances, dominated by the N * (1520) and N * (1535) states. This last one was already studied in some detail (see Ref. [6] and references therein). Here we will study the state N * (1520), and the γ * N → N * (1520) transition.
The N * (1520) has spin 3/2 and negative parity (J P = 3 2 − ). In the context of πN scattering it contributes to the D 13 (1520) channel, with isospin 1/2 and spin 3/2 and πN relative orbital momentum l = 2. The γ * N → N * (1520) reaction is therefore characterized by three independent helicity amplitudes, usually defined in the final state rest frame: the two transverse amplitudes A 1/2 , A 3/2 , and the longitudinal amplitude S 1/2 . Only recently was the longitudinal amplitude measured for the first time [7, 8] . In the timelike region (Q 2 < 0) the N * (1520) state also has a relevant contribution to the dilepton decay reactions (γ * N → e + e − N ) [9] [10] [11] [12] .
The γ * N → N * (1520) was studied previously within the framework of nonrelativistic and relativistic quark models [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , the single quark transition model (SQTM) [23] [24] [25] and a collective model for baryons [26] . The electromagnetic structure of the N * (1520) was also estimated by the EBAC (Jlab) analysis, within a coupledchannel dynamical model for the meson-baryon systems [27] . The study of the empirical charge density distribution for the N * (1520) can be found in Refs. [28, 29] . From the experimental side, there are the MAID (Mainz) analysis [28] [29] [30] , the old data from DESY [31] and NINA [32] , and the recent data from CLAS (at Jlab) [7, 8] . For a review of results see Refs. [1, 7, 8] .
In this work we will study the γ * N → N * (1520) transition using the covariant spectator quark model [33] [34] [35] [36] [37] , which is based on the so-called covariant spectator theory [38] . This model was already applied to the electromagnetic structure of the nucleon [33, 36, 37, 39] and the ∆(1232) [4, 5, [39] [40] [41] , N * (1440) [42] , N * (1535) [6, 43] , ∆(1600) [44] , the baryon octet and decuplet [34, [45] [46] [47] and other transitions [48, 49] . The model was also applied to the timelike regime for the ∆(1232) case, in particular to the calculation of the ∆ dielectron Dalitz decay [50] .
In the calculations of the transition electromagnetic form factors of the γ * N → N * (1520) reaction we use the relativistic impulse approximation, as done in previous works [4, 5, 34, 39-41, 46, 47] on different reactions. In this approximation each quark interacts with the photon at a time, implying that the electromagnetic probe does not couple simultaneously with two or three quarks. In our model the single quark electromagnetic form factor parametrizes the quark dressing from quarkantiquark pairs and gluons, reproducing the quark charge and generating an anomalous magnetic moment. This means that meson effects are effectively taken at the level of (dressing) one quark only, but processes where the meson is exchanged between different quarks, and therefore is emitted and absorbed collectively by the three quarks, by the baryon as a whole, are not included [46, 49] . Throughout this paper these are the effects we refer to when we use the term "meson cloud". We discuss next the motivation to add these effects to the contributions from our covariant spectator quark model.
For the ∆(1232) excitation [4, 5, [39] [40] [41] the comparison of our results to the data has shown that these meson cloud effects are important in the small Q 2 region. This conclusion is shared with other constituent quark models [1, 3] . Namely, our results for the ∆ electro-excitation are in line with the information on the pion cloud extracted within a dynamical coupled-channel analysis of an extensive collection of data [27, 51] . Besides, the same conclusion was obtained by a less phenomenological calculation, the dynamical quark calculation based on the Dyson-Schwinger framework [52] which used an underlying dynamics to generate the diquark propagation, and included the photon coupling to the diquark. Even with these features, that calculation could not describe the experimental data for the γ * N → ∆(1232) magnetic form factor in the small Q 2 region, pointing to the importance of meson cloud effects at the baryon level, as our calculation did.
Turning to the γ * N → N * (1520) reaction, in this work we start by writing the N * (1520) wave function in spinflavor and momentum space by imposing the correct symmetries as described in Refs. [1, 53] . This wave function is the superposition of two configurations: one configuration where the quark core is a S = 1/2 spin state, and another where the quark core is a S = 3/2 spin state. The mixture coefficient for the S = 3/2 configuration has been estimated to be sin θ D ≈ 0.1, suggesting a dominance of the S = 1/2 configuration [1, 14] . In our work we confirmed the importance of the S = 1/2 configuration.
Our results for the helicity amplitudes at low Q 2 are too small when compared to the data. This seems to indicate that the meson cloud effects not included in our quark core model play a relevant role for the N * (1520), as they do for the ∆(1232). The N * (1520) decay to πN (60%) and ππN (40%) [1] , gives us already an indication that diagrams where the photon couples to a meson in flight in an intermediate baryon-meson state may very well be important for the γ * N → N * (1520) reaction, and point to the importance of the meson cloud contributions at the baryon level.
By comparing our results to the data, we extract a simple parametrization of their difference, that we interpret then as meson cloud contributions. This parametrization will be very useful in the extension of our calculation to the timelike region, which will enable us to interpret dilepton production data from N N collisions [11, 12] .
This article is organized as follows: In Sec. II we present the formalism required to parametrize the electromagnetic structure of the γ * N → N * (1520) reaction. The covariant spectator quark model for the baryon quark cores and the baryon effective wave functions necessary to calculate the transition are presented in Secs. III and IV. In Sec. V we derive the results for the form factors and helicity amplitudes, and discuss how to parametrize the meson cloud contributions. Details are presented in Appendices A to E. The numerical results for form factors and helicity amplitudes are presented in Sec. VI. Final conclusions are presented in Sec. VII.
II. FORMALISM
We start by introducing the formalism required for the study of the γ * N → N * (1520) transition. In what follows we will often represent N * (1520) as R (from resonance), and will use M for the nucleon mass and M R for the resonance R mass. We will present the definitions of the helicity amplitudes A 3/2 , A 1/2 and S 1/2 (which are experimentally determined) together with their relation to the electromagnetic transition form factors, G M , G E and G C .
A. Helicity amplitudes
The electromagnetic transition from a J P = 1 2 + state to a J P = 3 2 − state is described by three amplitudes.
They are functions of Q 2 , and in the R rest frame they are defined as [1] :
where S ′ z (S z ) is the final (initial) spin projection, q is the photon three-momentum in the rest frame of R, Q = Q 2 , ǫ µ λ (λ = 0, ±1) are the photon polarization vectors and J µ is the electromagnetic transition current in proton charge e units. In the previous equations α ≃ 1/137 is the fine-structure constant and K =
2MR
is the magnitude of the photon momentum (and nucleon) when Q 2 = 0. In the rest frame of R the magnitude of the nucleon three-momentum is |q|, and reads
where
The transition current J µ for the reaction γ * N → N * (1520) between an initial nucleon state with momentum P − , and a final R state with momentum P + can be represented in terms of the matrix elements J µ N R defined by the asymptotic states, and given by
where u β , u are respectively the Rarita-Schwinger and Dirac spinors. The operator Γ βµ has the general Lorentz structure
where q = P + − P − is the transferred momentum and P = 1 2 (P + +P − ). In the previous equation G i (i = 1, .., 4) are form factor functions that depend on Q 2 . Because of current conservation only three of the four G i form factors are independent, and one is free to choose which three are to be taken as independent. For instance, from the knowledge of G i (i = 1, .., 3), G 4 is determined by the current conservation condition q µ J µ = 0 as
Note that there are alternative representations of the operator Γ βµ . They are all however equivalent to the ones given by Eq. (2.6) [1, 54] . Using (2.5)-(2.6) we can write the amplitudes (2.1)-(2.3) as [1, 55] , and
The obtained formulas for the helicity amplitudes suggest that for the γ * N → N * (1520) reaction it is convenient to choose as independent functions the three form factors G 1 , G 4 and g C . Equations (2.7) and (2.11) can be used to express G 2 and G 3 in terms of those three quantities. In addition, one concludes that if G 4 = 0 then A 3/2 vanishes identically. Experimentally one has that A 3/2 = 0, particularly at low Q 2 , and therefore the data demand G 4 = 0.
B. Electromagnetic form factors
Instead of the helicity amplitudes defined in the rest frame of R, or instead of the form factors G i , one may also use the three so-called multipole electromagnetic form factors. Those are, in the present case the magnetic dipole G M , the electric quadrupole G E and the Coulomb quadrupole G C . They can be written as combinations of the helicity amplitudes or the form factors G i defined above, as [1] 
12)
14)
and R = 2AF . We can also write R = 
When the form factors G M and G E are known the helicity amplitudes become
one has
From Eqs. (2.12), (2.13), and (2.15), we conclude that G E and G M are determined by G 1 and G 4 only; G 1 fixes G M ; G 4 fixes the sum G M + G E . We conclude, as it happened for the helicity amplitudes, that it is also convenient for the description in terms of G E , G M and G C , to choose as independent functions G 1 (or G M , since they are proportional), G 4 and g C . Additionally, a result to be retained from these formulas is that when G 4 = G ′ 4 = 0, one has G M = −G E (which is equivalent to A 3/2 ≡ 0) for any value of Q 2 . Note that the relation G M = −G E is not confirmed experimentally (because A 3/2 = 0).
III. ELECTROMAGNETIC CURRENT
In the calculation of the baryon transition electromagnetic form factors we use the relativistic impulse approximation. In this approximation only one quark interacts with the photon while the other two quarks are spectators, but the electromagnetic interaction is distorted by the initial and final state baryon vertices, defining a Feynman diagram with one loop integration. First, one notes that within impulse approximation the relative momentum of the two quarks not interacting with the photon can be integrated over, since it does not depend on the electromagnetic interaction. (This is why for the calculation of the impulse diagram one may start with an effective wave function with a quark-diquark structure.) Second, when performing that integration we apply the covariant spectator theory to reduce in a covariant way the four dimensional integration to a three dimensional one.
This reduction amounts to select for the energy integration only the positive energy poles of the two quarks in the diquark. The consequence is that after the internal diquark three-momentum is integrated out, one ends up with on-mass-shell diquark with an averaged invariant mass m D [33, 34, 36] . The selected quark poles dominate in the energy integration. The residues of the other poles (from the two propagators of the interacting quark, before and after its interaction with the photon) give the off-mass-shell diquark contribution. Their contribution is indeed small due to the large value of the baryon mass that decisively determines the relative location of all the poles in the complex plane [56] .
If one represents the initial and final baryon wave functions by Ψ N (P − , k) and Ψ R (P + , k), where P − is the N momentum, P + is the R momentum, and k the diquark momentum, the electromagnetic current in relativistic impulse approximation is given by [33, 34, 36] 
where j µ q is the quark current associated with one quark only (the factor 3 takes into account the contributions of the other quarks demanded by symmetry), and the sum is over the diquark spin states Γ, including a diquark scalar component and a diquark vector component with polar-
stands for the covariant integration in the diquark threemomentum k, with E D = m 2 D + k 2 . The single constituent quark current j µ q is decomposed into two terms
where M is again the nucleon mass, j 1 and j 2 are the Dirac and Pauli quark operators and
3)
The inclusion of the last term is equivalent to using the Landau prescription for the electromagnetic current and ensures the conservation of J µ N R [57] [58] [59] . Equation (3.2) is a simple prescription that builds in current conservation in calculations within impulse approximation for inelastic processes with a pure phenomenological description of the final and initial states. It overcomes the difficulty that these states and the consistent interaction current are not calculated from an underlying dynamics [57] .
Reference [58] also shows that the inclusion of the term −µ /q 2 does not affect the results for the observables because it is orthogonal to the lepton current.
The quark form factors j i (i = 1, 2) have an isoscalar and an isovector component, given respectively by the functions f i+ and f i− (of Q 2 ),
The explicit forms of the Dirac and Pauli quark form factors, f 1± and f 2± respectively, are chosen to be consistent with the vector meson dominance (VMD) mechanism, being parametrized as [4, 33, 34] 
where m v is a light vector meson mass, M h is a mass of an effective heavy vector meson, κ ± are quark anomalous magnetic moments, c ± , d ± are mixture coefficients and λ q is a parameter related with the quark density number in deep inelastic scattering. The quark form factors are normalized according to f 1± (0) = 1 and f 2± (0) = κ ± , with the quark isoscalar (κ + ) and isovector (κ − ) magnetic moments given in terms of the u and d quark anomalous moments as κ + = 2κ u −κ d and κ − = 1 3 (2κ u +κ d ). In the applications we took m v = m ρ (≃ m ω ) to include the physics associated with the ρ-pole and M h = 2M (twice the nucleon mass) to take into account effects of meson resonances with a larger mass. We consider here the parametrization that is consistent with the model for the nucleon labeled model II in Ref. [33] 
IV. BARYON WAVE FUNCTIONS
In the covariant spectator quark-diquark model the diquark states are described in terms of diquark polarization vector states ε α ΛP , where Λ = 0, ± are the polarization indices, which are expressed in the basis of fixed-axis states [4, 33, 60] . For a resonance R with momentum P = (E R , 0, 0, P z ) the diquark polarization states read
where E R = M 2 R + P 2 z is the resonance energy. The same form applies to the nucleon if one replaces M R → M . Note that the polarization vectors depend on both the baryon mass and the baryon momentum, and satisfy the condition ε ΛP · P = 0.
The core spin 3/2 state are represented by the RaritaSchwinger vector state u α , and the core spin 1/2 are represented by the combination of a spin-1 (diquark) and a Dirac spin 1/2 states that reads
where u R is the Dirac spinor for the particle R [4, 33] . Within this formalism, the wave functions for several baryon systems can be written in terms of the states U α R , u R and u β [4, [33] [34] [35] [36] . These building blocks make possible the construction of baryon wave functions that are explicitly covariant and have the correct nonrelativistic limit [4, 33] .
Next we will review the formulas for the nucleon wave function, and we will obtain the N * (1520) wave function.
A. Nucleon wave function
In the simplest covariant spectator model for the nucleon wave function, one takes an S-state for the quarkdiquark configuration. In that configuration, the nucleon wave function has a form imposed by demanding that the full wave function is symmetric under the exchange of any two quarks in momentum-spin and flavor space. One has then [33, 36, 60] 
The first and the second terms are, respectively, the contributions from the scalar (spin-0, isospin-0) and from the axial vector (spin-1, isospin-1) diquark states. In addition, φ 0,1 I are the nucleon isospin states [33] , u is the Dirac spinor, and U α is the state defined by Eq. (4.2) in the special case of the nucleon (M R → M ). It corresponds to the coupling of the spectator quark with a spin-1 vector diquark state to a three-constituent quark core state of spin 1/2. The vector ε ΛP , where Λ = 0, ±1, is the diquark polarization state, introduced before. Finally, ψ N is a radial wave function which encodes the information on the quark-diquark relative momentum distribution. It was determined phenomenologically [33] .
The nucleon spin and isospin projections and the diquark polarization index Λ were not included explicitly in Eq. (4.3), to keep a short-hand notation. The spin projections were also omitted in the spin states u and U α .
B. N * (1520) wave function
Since the N * (1520) has intrinsic negative parity and total spin J = 3/2, its wave function is a mixture of two contributions, Ψ R1 and Ψ R3 , with total orbital angular momentum L = 1, coupled respectively to states with core spin 1/2 and states with core spin 3/2. One writes then for the N * (1520) wave function [1, 14, 19 ]
where the two components are normalized. The admixture parameter, given by the angle θ D depends on the model for the quark-quark interaction, and can be determined from the radiative decay of the resonances N * (1520) and N * (1700) (both
− states) [24, 61, 62] .
The most common estimate is sin θ D ≃ 0.11 [24, 53] .
To write the components Ψ R1 and Ψ R3 in the covariant spectator quark model we will start with the nonrelativistic form, and discuss afterward how the nonrelativistic structure (in the rest frame) is obtained, and written in a covariant form valid in an arbitrary frame.
Nonrelativistic wave functions
In what follows, and as usual in the literature, we denote each wave function component by its symmetry labels (ρ, λ). These labels coincide with the symmetry labels of the two Jacobi momentum states (k ρ , k λ ), respectively antisymmetric and symmetric in the change of quarks (12) , and defined as
where k i is the individual momenta (i = 1, 2, 3), and P = k 1 +k 2 +k 3 , is the center of mass momentum. In the nonrelativistic framework all the momenta introduced are three-vectors, although we will use later the same notation to represent their four-vector counterparts.
In the center of mass frame, P = 0, k λ becomes proportional to k 1 + k 2 , and one can describe the system by the variables r and k, as
In the construction of the wave function components Ψ R1 and Ψ R3 , instead of using the basis of states corresponding to the Jacobi-momentum states of the threequark system, we follow the usual practice in calculations of the baryon spectra, and take a representation of those baryon states in a basis that combines the Jacobi-momentum states into four (orthogonal) states with mixed-symmetry in the Jacobi momentum-spin and isospin variables [53] . These four combinations are built to be either symmetric or antisymmetric in the interchange of quarks 1 and 2. In such a basis the N * (1520) corresponds to the following isospin-spinmomentum combination [53] ,
where Ri stands for R1 and R3 and N Ri is a normalization factor, φ 0,1 I are isospin states (the same isospin states as for the nucleon, because both particles have isospin 1/2), andψ Ri is a radial phenomenological wave function depending on k and r. The functions X ρ and X λ are states which couple spin and orbital motion, and are respectively asymmetric and symmetric in the interchange of quarks (12) . Since l = 1 is the angular momentum that is to be coupled with the core spin 1/2 or 3/2, the coupled orbital-spin states X ρ and X λ contain the spherical harmonics Y 1m (r) and Y 1m (k) (m = 0, ±) coupled to the spin states of the three-quarks. It is convenient to write the spherical harmonics in terms of the spherical components of the three-momentum k and r. For instance for
(k x ± ik y ), and we can write [6] 8) where N k = 1/|k|, and k is the diquark three-momentum. The form of the functions X ρ and X λ depends on the spin core state (R1 or R3), and their derivation is detailed in Appendices A and B.
Here we just briefly describe how to accommodate the needed internal l = 1 orbital angular momentum state of the diquark sub-structure (given by the Y 1m (r) spherical harmonics that depends on the diquark internal relative momentum r). This is an important point because the inclusion of a diquark state with l = 0 implies that the diquark is not considered as pointlike particle (this was already encountered in the nucleon case [36] and we solve it here in the same fashion). To realize it, remember that because we are using impulse approximation, the internal variable r is integrated out, i.e., the full three-body wave functionψ R (r, k) is integrated in r. This integration is equivalent to averaging the full wave function in r and to generating an effective radial wave function corresponding to a quark-diquark structure, ψ R (P, k), that depends on the diquark momentum k only. Now, we may write Y 1m (r) in terms of the spherical components of r, as in Eq. (4.8) with k → r. That form exhibits the vector character of Y 1m (r), and makes clear that the average over the diquark internal states associated with l = 1 is not simply a scalar. Instead, after the full three-body wave function is averaged in r, the vector structure of Y 1m (r) originates a polarization vector ζ ν m [36] . This new polarization vector is orthogonal to the diquark polarization vector ε α ΛP , and satisfies
The integration in the variable r amounts then to the replacement
where we should set c = 1 in order to recover the result obtained when the explicit integration in r is performed, in the nonrelativistic limit. In addition, we replace alsõ ψ R by ψ R , where ψ R is now a function of k only.
Relativistic generalization
The relativistic form of the wave function is obtained by extending the nonrelativistic quantities to their relativistic description. For example, since the nonrelativistic wave function was written in terms of the quarkdiquark relative momentum momentum k = k 1 + k 2 , we have to construct the corresponding four-momentum. The general procedure involves the baryon momentum P , through the substitution k →k with
where P is the resonance momentum. In the rest frame of the resonance, P = (M R , 0, 0, 0), andk = (0, k), and the formula above reduces to its three-dimensional components. The radial wave functionψ R will then be replaced by its relativistic form ψ R (P, k). This procedure also helps us to establish the relativistic form for Y 1m (k), by using Eq. (4.8). The replacement k →k defined by Eq. (4.11), extends the orbital angular momentum states from the rest frame to any frame, according to [6] 
The polarization states ζ ν m of Eq. (4.10) which will enter into the coupled spin-orbit states are also replaced by their relativistic generalization, normalized according to
To finish the relativistic generalization we need to replace the two coupled orbital-spin coupled states, X ρ and X λ , by their full corresponding relativistic form. This is done in Appendices A and B, respectively for the R1 and R3 components of the wave function.
In Appendix A we obtain that the final expression for Ψ R1 is
where ψ R1 is a radial wave function,
with ζ ν m a spin-1 state introduced in Eq. (4.10), and
It is relevant to interpret the meaning of each of the terms of Eq. (4.13). The terms in u ν ζ contain the states where the diquark is in an internal P -state (note the presence of ζ ν m in u ν ζ ), while the terms in u β contain the orbital quark-diquark P -state for the wave function (notẽ k β in the combinationk β u β ). The terms in u ν ζ (P ) will not interfere with the nucleon wave function and have therefore no contribution to the transition current.
The radial wave function ψ R1 will be constrained in order to assure the orthogonality with the nucleon wave function as discussed below.
In Appendix B we obtain that the component Ψ R3 (P, k) of the N * (1520) wave function is
where ψ R3 is the radial wave function,
(4.19)
In the equation for (W R3 ) β (P, s) the factor γ 5 gives the needed relativistic form for a state with negative parity. Note in Eq. (4.17) that without the terms associated with the diquark internal P -states (the ones that contain ζ ν ) only isospin-1 contributions remain, and therefore the charge of the state would differ from 1 2 (1 + τ 3 ). This shows that the diquark cannot be pointlike. Its internal structure, and particularly its l = 1 relative angular momentum has to be taken into account, since it plays an important role in the baryon properties.
C. Orthogonality conditions and the phenomenological radial functions
Within the quark-diquark picture of a baryon with total momentum P and diquark momentum k, the covariant spectator quark model wave function for a baryon includes, not only the spin-flavor structure, but also a radial function for the momentum distribution of the quark-diquark system. The forms for these functions are described in Appendix C.
In this work the radial baryon wave functions are not determined through a dynamical calculation, and are purely phenomenological. For the nucleon, the parameters were determined by the study of the nucleon form factors on Ref. [33] (model II). That parametrization was successfully applied to predict the transition form factors of the photo-excitation of the nucleon to other N * 's. The radial wave functions ψ X (X = N, R1, R3) for the nucleon and the components of the wave function N * (1520) are normalized according to 20) whereP is the baryon momentum at the rest frame. This condition correctly fixes the baryon charge. For instance, for the nucleon we obtain
where j 1 γ 0 is the quark charge operator, and e N = Another remark has to be done at this point. The wave function components in Eqs. (4.13) and (4.16) depend on the mass M R of the system (for instance u β , u R and U α R depend on M R ). This implies that when the particles in the final and initial state have different masses their states are necessarily defined in different frames. Therefore, if no additional condition is imposed on the phenomenological radial function to enforce orthogonality, it becomes possible that states orthogonal in the nonrelativistic limit become not orthogonal in their relativistic generalization. An example found in previous studies was the N * (1535) state of negative parity [6] . The same happens here for the N * (1520) state. We impose then the condition that the R1 and R3 components of the resonance wave function are orthogonal to the nucleon wave function, i.e.,
when Q 2 = 0 (P + andP − are the baryon momenta when Q 2 = 0). In particular in the resonance rest frame one
. For the wave functions defined in this section Eq. (4.22) leads to
This equation is used to fix the free parameters of the radial wave functions ψ R1 and ψ R3 respectively (see Appendix C). All the numerical values of the wave function parameters are given in Sec. VI where the numerical results are presented.
It is important to realize that the need to impose the orthogonality conditions (4.22) is a consequence of relativity. For Q 2 = 0, in the nonrelativistic limit there are no recoil effects, and therefore both particles are considered in their rest frames. In this limit then the overlap integral Ω k Y 10 (k)ψ R ψ N , between the two baryon wave functions at Q 2 = 0, vanishes. In the relativistic case, however, because the nucleon and R have different masses, they cannot be simultaneously in their rest frame when Q 2 = 0. Then at least one of the wave functions is distorted by a boost, which induces a dependence on the direction of k, and leads to Ω k Y 10 (k)ψ R ψ N = 0.
V. TRANSITION FORM FACTORS
In this section we will present the algebraic results obtained for the transition form factors and helicity amplitudes from our quark core model. First, we will derive the separate contributions to the γN → N * (1520) transition form factors from the R1 and R3 components of the wave function.
Second, we will see that for small Q 2 we obtain amplitudes that are small when compared with the data. The reasons for this are identified. This result will give us an indication that meson cloud effects have to be considered, and therefore we finish this section by also giving a parametrization to describe them.
A. Quark core contributions
Contribution from the R1-component
To calculate the the R1-state contribution to the transition form factors we use the definition of the current (3.1), with Ψ R given by Ψ R1 [see Eq. (4.13)]. Strictly speaking in Eq. (3.1) we should add the sum in the index ν to take into account the dependence on ζ ν in the R wave function. However, since those terms do not interfere with the nucleon wave function that is not necessary. The details of the calculation are included in the Appendix D. The final results are
3) 
Contribution from the R3-component
The calculations of the contributions of the R3 component in the wave function to the transition form factors and the helicity amplitudes are detailed in Appendix E.
The results for the form factors are
where we recall that R =
and
The R3-component contributions to G E (0) and G M (0) vanish because of the orthogonality condition between the initial and final states, i.e. I R3 z (0) = 0. Only G C is nonzero for Q 2 = 0, as it happened for the R1-component.
The contribution from the R3-state to G
For the helicity amplitudes one obtains
The helicity amplitudes and the form factors obtained from the R3-component alone are proportional to sin θ D , estimated to be ≈ 0.1 in some models [24] . For this reason we do not expect a significant effect from the R3-component. It is nevertheless interesting to note that only this component gives a finite contribution to A 3/2 . Although small, it could in principle be important to understand the falloff of the amplitude A 3/2 for large Q 2 . Also in contrast to the R1-component, R3 does not contribute at all to A 1/2 .
Summary and discussion of the quark core contributions
We can summarize the obtained results for the spin quark core contributions to the form factors in the following formulas (the index b stands for bare):
For G 4 only the R3 component of the wave function contributes:
Alternatively, for the helicity amplitudes, we have, following Eqs. (2.19)-(2.20) and (2.14): 25) where
MR . Because the contributions from R1 are proportional to cos θ D ≈ 0.99, and the contributions from R3 are proportional to sin θ D ≈ 0.11, we can anticipate a small quark core contribution to A 3/2 .
Using Eqs. (2.16) and (2.17) we conclude that, from the R1 contribution, G E = −G M (A 3/2 = 0), while from the R3 contribution, G E = 3G M (A 1/2 = 0). As the R3 admixture is small, we obtain A 3/2 ∝ G ′ 4 also small, and we can expect an almost correlation between G E and G M with G E ≃ −G M . In addition, only G C has a non zero contribution for Q 2 = 0, from both R1 and R3 core spin states.
We may discuss a bit further these following general features of our results:
1. The reason why in our model the R1 state does not contribute to A 3/2 , and consequently A 3/2 ≈ 0 for any Q 2 range, lies in the form of the R1-state, and in particular in the specific structure of the diquark polarization vectors. In the fixed-axis representation [60] the diquark momentum is averaged along the direction of the reaction, defined by the threemomentum part of 1 2 (P + + P − ). This is very successful to construct (orbital) angular momentum state components of the wave function, as shown for the nucleon and the ∆ [4, 5, 33, 36] . However, it may happen that it is incomplete for the structure of the P -state excitations, in spite of the model being successful in the description of the state N * (1535) characterized also by P -state excitations [6] .
2. Our result that the contribution from the R1-component to the form factors G M and G E vanishes at Q 2 = 0 is consistent with a nonrelativistic framework: since the initial and final states have the same core spin (S = 1/2), they are necessarily orthogonal because of the orthogonality between spherical harmonics. In the relativistic case, since the initial and the final state have different masses, and the wave functions are defined in different frames, the boosts cannot be neglected and the orthogonality condition is not automatically satisfied. We are then forced to impose the orthogonality condition (4.23) between the initial and the final state -which gives at Q 2 = 0 a zero contribution to G E and G M , while making G C (0) finite. This form of imposing the orthogonality was already considered in the γ * N → ∆(1232) reaction and was there also responsible for the generation of nonzero and finite contributions to G C [5] . In the case of R3-component, the core spin state is different from the nucleon state (S = 1/2 for the nucleon and S = 3/2 for the R3-component), and therefore R3 is also orthogonal to the nucleon wave function in the nonrelativistic limit. However as that does not happen in our relativistic generalization of the states for N * (1520), we are again forced to impose the orthogonality between the nucleon and the R3-component.
In this work the nucleon wave function is reduced
to an S-state configuration. It is possible that the states R1 and R3 interfere with nucleon P -states, as already proposed in Ref. [36] . Nevertheless, we expect those contributions to be small due to the small P -state admixture in the nucleon wave function.
B. Parametrization of the meson cloud
As explained already in the introduction, although our quarks are dressed, there are still meson cloud effects that can give extra contributions to the transition form factors. In general meson cloud contributions are expected to be significant at low Q 2 [1, 2] . It is then natural to assume that meson cloud effects can give important contributions for the helicity amplitudes at low Q 2 , in particular to the amplitude A 3/2 , where our quark core model predicts only small contributions, because, as we have seen, the R1-state contribution vanishes and the R3-state is itself strongly suppressed by the weight factor sin θ D . The small results of our model for A 3/2 are consistent with the conclusions of several authors [1, 2] and EBAC estimations [27] that the meson cloud effects for A 3/2 must be sizeable at least at low Q 2 . Because the pion is the lightest meson, one may assume that pion cloud contributions dominate over heavier meson contributions, and also that heavy meson effects fall off faster with Q 2 than pion effects. Another natural assumption on meson cloud effects is that diagrams where the photon couples with the meson in flight -the leading order contribution according to chiral perturbation theory [63] [64] [65] , give larger contributions than diagrams where the photon couples with the whole baryon, while the meson in flight is dressing the baryon.
Assuming then that the meson cloud can be added to the core quark effects, and that the pion is the dominant contribution, we take the following structure for the form factors From the previous relations we may write for G E 29) and the helicity amplitudes become
In the approximation of neglecting the R3-state contributions, A 3/2 is reduced to the dominant G π 4 term. The fact that A 3/2 is only connected to G 4 , and does not mix other form factors is most fortunate, since then the meson cloud effect on G 4 can be directly read off from A 3/2 only. Similarly, the meson cloud effect on G C can be separately read off from the S 1/2 data. Finally, the A 1/2 amplitude will mix that contribution with the contribution to G 4 . These results motivate the use of the helicity amplitudes data to breakdown the meson cloud effects into three independent terms, contributing respectively to G 4 , G C , and finally G M . The numerical results will be shown in the next section. The information on the three pion cloud terms was based on functional forms and inspired in previous studies of the pion cloud contribution in the timelike regime [50, 66] .
The parametrization of the pion cloud contributions that we use here is then
with
where m ρ and m π are the ρ and pion mass, and Γ 0 ρ = 0.149 GeV [50] . The isospin operator τ 3 gives the isospin dependence of the diagram for the direct coupling between the photon and the pion [45, 63] . For the reaction starting with the proton the isospin dependence gives a + sign, while the neutron case brings in a − sign.
The adjustable parameters in the parametrization of the pion cloud are the strength coefficients λ based in similar reactions [67, 68] , corrected by an factor 1/Q 4 due to the additionalcontribution, The extra factor 1/Q 4 is a consequence of the estimation of the behavior of the leading order form factor G given by G ∝ 1/(Q 2 ) (N −1) , where N is the number of constituents, and comes from replacing N = 3 (3 quarks) by N = 5 (3 quarks + 1 quark-antiquark pair from the meson) [67] . In this work, the extra factor 1/Q 4 , due to thecontribution, is slightly smoothened, and replaced by F ρ ∝ 1/(Q 2 log Q 2 ). See Ref. [50] for more details. In the parametrization of G Fig. 1 , the pion cloud contributions to G M require a more complex analytic form.
Note that although we adopt for simplicity a meson cloud parametrization with a structure corresponding to the pion cloud, we cannot exclude that it effectively contains contributions from heavier mesons, given the phenomenological fitting procedure.
VI. RESULTS
Here we present the numerical results of the covariant spectator quark model for the γ * N → N * (1520) reaction. We calculated the quark core model contributions to the helicity amplitudes and form factors, by applying the equations in Sec. V. First, we will compare our results to the experimental data, and in the sequel we will describe the difference between our quark core model contributions and the data by the meson cloud parametrization presented in the Sec. V B.
In the comparison to the data we use the PDG results for Q 2 = 0 [69] for the amplitudes A 1/2 and A 3/2 , and the CLAS data for Q 2 = 0.3 − 4.2 GeV 2 [7] (pion production data) and for Q 2 = 0.3 − 0.6 GeV 2 [8] (double pion production data). At the end we also discuss and make predictions for the very large Q 2 region which may be measured after the Jlab 12-GeV upgrade.
A. Quark core effects
Our calculation of the quark core contributions includes the contributions from both R1 and R3, the quark core spin 1/2 and 3/2, respectively. As mentioned already, the first ones are proportional to cos θ D and the second ones proportional to sin θ D . Because we are not using a dynamical model starting with a well defined quark-quark interaction, we cannot calculate θ D , and we use then the most common estimation in the literature θ D ≃ 6.3
• (with cos θ D ≃ 0.994 and sin θ D = 0.110) [14, 19, 24, 53] .
In the following calculations we use the range parameters of the nucleon radial wave function (model II in Ref. [33] ) defined by Eq. (C2). In particular we use β 1 = 0.049, β 2 = 0.717, corresponding to a normalization constant N 0 = 3.35.
We start with the results obtained with the R1-state component only in the wave function. To test the sensitivity of the results to the radial wave function parametrization we consider first a model where the R radial wave function (ψ R1 ) is taken to be identical to the nucleon radial wave function (ψ N ), written in terms of the R variables. Note that this model has no adjustable parameters. We label this model as model 0. The results are presented by the dashed lines, in Figs. 1 and 2 , respectively for the helicity amplitudes and form factors. Because in this toy model the nucleon and R wave functions are not orthogonal in the relativistic formulation, it fails necessarily for low Q 2 , and therefore we plot the results only for Q 2 > 1 GeV 2 . It is interesting that the results from model 0 are very close to the data for A 1/2 and S 1/2 . This suggests that the naive model gives a good first approximation to the R wave function, at least for high Q 2 . It means that in their inner core, probed in the high momentum transfer region, the baryons have a very similar structure. It also means that in principle the toy model can be improved by re-adjusting the radial wave function.
We took therefore the radial wave function given by Eq. (C3), where a new range parameter β 3 can be chosen to obtain an improved description of the high Q 2 data, a region where the meson cloud effects are expected to be very small. The orthogonality with the nucleon state is then imposed using the Eq. . Data from Ref. [7] (full circles), Ref. [8] (empty circles) and PDG [69] (square).
λ R1 and the normalization constant are λ R1 = 0.519 and N 1 = 12.68. We label this new model as model 1. The results from model 1 for the helicity amplitudes in the resonance rest frame, and obtained with the R1-state component only in the wave function, are presented in the Fig. 1 . We conclude that the quark core contributions give a good description of the A 1/2 and S 1/2 data for Q 2 > 1.5 GeV 2 , but fail in the low Q 2 region for all the helicity amplitudes. These results justify our motivation to describe the low Q 2 region and the amplitude A 3/2 using an effective parametrization of the meson cloud ef- fects.
The results for the electromagnetic form factors are presented in Fig. 2 . The same trend of the amplitudes is observed for the form factors, except that the discrepancy between the model and the data is larger for G E . This happens because in this quark core model the amplitude A 3/2 is too small, and, according to Eq. (2.13) this amplitude has a relevant weight for G E (3 times larger than the weight for G M ).
Next, we included the R3-state in the resonance wave function. The contribution from this component was calculated using the radial wave function (C4) with the value α 1 = 0.337 determined in Refs. [5, 40] for ∆(1232) (a resonance with core S = 3/2). Imposing that the R3-state is orthogonal to the nucleon initial state, one obtains λ R3 = 0.557 and N 3 = 7.16. The results for the helicity amplitudes and form factors are presented in Fig. 3 Figures 1 and 3 show that the R1-state component dominates in the quark core effects. The smallness of the R3-state contributions is the reason why we did not adjust a new range parameter to the corresponding radial function. The results from the full model are indeed not very sensitive to the R3-state radial wave function.
B. Quark core and meson cloud effects combined
We have assumed that the decomposition given by Eqs. (5.30)-(5.32) is valid. Then we were able to use the parametrization from Eqs. (5.33)-(5.35) to describe the difference between the data and our quark core results -which we interpret as due to contributions from the meson cloud. We show now the results from combining the quark core effects with these meson cloud effects introduced in Sec. V B.
The parameters of the best fit are in Table I . We fit only the parameters related with the pion cloud dressing, since if we perform a combined fit of the valence plus pion cloud contributions we would lose control of the quark core content, and artificially very large pion cloud contributions emerge as numerical solutions. In this work we do not have an indirect way of calibrating the quark core contributions, as we did in our studies of the nucleon, Roper and the ∆(1232), where lattice QCD data are available [39, 40, 42] . The only way here to check that the quark core content is under control, is to extrapolate our model to the large Q 2 regime. Concerning the fit, we note that the A 3/2 amplitude is determined only by the function G and G π M ) is better constrained than the two-step procedure of fitting A 3/2 to fix separately G π 4 first, followed by an independent fit of A 1/2 to fix G π M . Finally, G π C is only constrained by the data from the amplitude S 1/2 (or form factor G C ).
In the fitting procedure we noticed that the best fit for A 3/2 is achieved when we fix the cutoff parameter Λ 2 4 in Eq. (5.33) at an extremely large value, such that the multipole factor in that formula behaves as a constant. To preserve a multipole falloff for very high Q 2 we took Λ 2 4 = 20 GeV 2 , allowing the multipole factor to behave like a constant in the Q 2 regime under study, although behaving as 1/Q 6 for much larger values of Q 2 . Using the parameters of the best fit (Table I) the helicity amplitudes as
Where the numerical coefficients are in units of 10
GeV −1/2 . The results for the combination of the quark core and pion cloud contributions are presented in Fig. 4 , for the helicity amplitudes, and in Fig. 5 , for the form factors.
In Fig. 4 , there is an excellent description of A 3/2 , obtained with the parametrization of G In general, meson cloud effects explain well the low Q 2 behavior of all helicity amplitudes.
In Fig. 5 the form factor results encode the same information as the helicity amplitudes but in a different perspective. We can make two remarks on Fig. 5 . Our first remark is the fast falloff of the pion cloud contributions to G M and G C . The second remark is that for G E , the difference between the quark core contributions and the experimental data is still meaningful for Q 2 > 2 GeV 2 , and that the effect of the pion cloud comprises a significant fraction of the full result. This is a consequence of our results for A 3/2 being in great part determined by the pion cloud.
In the comparison of our work to the literature, our results agree with the general conclusion that at very high Q 2 the A 1/2 amplitude is the dominant helicity amplitude. This dominance of A 1/2 is equivalent to have in that regime G E ≃ −G M [7, 13, 14] . [See Eqs. (2.12) and (2.13).] Our calculations are also consistent with the findings that in the low Q 2 regime the meson cloud contributions are decisive for the description of the data, as suggested by Ref. [27] within a coupled-channel formalism.
Compared to some estimations from constituent quark models [13] [14] [15] [16] [17] [18] [19] , our model gives results for A 3/2 in the low Q 2 region that are too small. Although in Refs. [15-18, 21, 22] , the result for A 3/2 near Q 2 = 0 is typically 1/3 of the experimental result, Ref. [19] predicts a result for A 3/2 (0) that is very close to the PDG value for small Q 2 . The possible explanations for our A 3/2 ≈ 0 result were already given in the discussion made in Sec. V A 3.
We may also compare our result for the form factor G 1 (or G M [see Eq. (2.12)]) with the estimations of the lightfront quark model from Ref. [20] . This model, contrary to our model, gives a good description of the Q 2 < 1.5 GeV 2 data, even without meson cloud effects. But in that work, for the estimation of the effects of the meson cloud using high Q 2 data, the strength of the quark contributions was reduced about 20%. If we consider a similar reduction in our quark model we also improve our description of the data. Focusing on the graph for A 1/2 from Fig. 4 or the graph for G M from Fig. 5 , the suppression of 20% in the quark core contributions would shift our model results to be almost on top of the high Q 2 data, improving the result from the quark core contribution. Unfortunately, as our meson cloud estimation is phenomenological, and not determined together with the quark core wave function, we do not have a simple method to estimate the effect of the meson cloud in the normalization of our wave function. It is nevertheless encouraging to notice the convergence of the two different works.
C. Jlab and MAID parametrizations and extrapolation of our results to larger Q 2 values
Besides the CLAS analysis [7, 8] reported previously, there are also data from the MAID 2007 analysis, hereafter called MAID analysis. The results from MAID include the analysis from old data and recent Jlab data [29, 30] .
In Ref.
[1] a fit to the CLAS A 1/2 , A 3/2 data based on rational functions of Q = Q 2 was presented. We label it as Jlab parametrization. The MAID parametrization is a fit to the MAID analysis presented in Ref. [29] , which instead is based on a combination of polynomials and exponentials of Q 2 . Because the MAID parametrization is dominated by exponential falloffs for large Q 2 , it does not reproduce the expected power law behavior from pQCD. The range of application of the MAID parametrization should then be restricted to the range of the available data.
The comparisons between the Jlab and MAID data, their parametrization fits and the results of the present model (labeled as Spectator) are shown in the panels of [7, 8] and the MAID analysis (squares) [29, 30] . The results of the Jlab [1] and MAID [29] parametrizations are also shown.
tually be explored with this upgrade. We extrapolated then our model to that region, and compared it with the Jlab and the MAID parametrizations, to predict when the scaling between G M and G E in that high Q 2 region appears. The different predictions for large Q 2 , in particular for A 1/2 and A 3/2 , may be better analyzed by looking at the form factors G M and G E . This is because as the ratio |A 3/2 |/|A 1/2 | falls off very quickly when Q 2 increases, it is expected that −G E approaches G M in that regime. As both G M and −G E fall off very fast with Q 2 , and assuming that G M and G E go with 1/Q 4 for very large Q 2 , it is advantageous in the study of their asymp- Form factors, G M , −G E and G M + G E normalized by dipole form factor G D given by Jlab [1] and MAID [29] parametrizations, and by the Spectator model. , with Q 2 given in GeV 2 . This enables a better visualization of the falloff tail and is usually done for the nucleon form factors. The results for, G M , −G E and G M + G E , normalized by G D , are presented in Fig. 7 . It is interesting to look at the results for G M + G E , because pQCD predicts that it is strongly suppressed [67, 68] .
In Fig. 7 we restrict the results from the MAID parametrization to the region Q 2 < 8 GeV 2 , due to the fast exponential falloff of the respective form factors. For the Jlab parametrization of the data, and the Spectator model, we note the scaling of G M and −G E with G D , depicted by the almost flat lines obtained for Q 2 > 15 GeV 2 , especially for G M . In both cases we can observe also the falloff of G M + G E with increasing Q 2 . Since G M + G E is proportional to the amplitude A 3/2 , the falloff of G M + G E relative to G M , is the sign of the suppression of A 3/2 relative to A 1/2 .
Finally we note that in the large Q 2 region our model differs from the Jlab parametrization for G M and −G E : although our model and the data parametrization fall with the same 1/Q 4 power, our results are larger in absolute value. That behavior can also be observed for A 1/2 in Fig. 6 .
We conclude that future experiments, as the ones planned for the Jlab-12 GeV upgrade, will be crucial to better constrain models [2, 70] .
VII. CONCLUSIONS
We have applied the covariant spectator quark model to the N * (1520) system and to the γ * N → N * (1520) reaction.
Our formulation takes the wave function of the N * (1520) as a combination of two components, R1 and R3, with core spin 1/2 and 3/2 respectively. We conclude that the model with only quark core effects included is particularly successful in the description of the high Q 2 data (Q 2 > 2 GeV 2 ) of the A 1/2 and S 1/2 helicity amplitudes.
In the small Q 2 region there is a discrepancy between the data and our results for helicity amplitudes and form factors. This is not surprising since for small Q 2 the photon is expected to couple to the baryon as a whole and to the peripheral meson cloud, given the small momentum resolution (long wavelengths) of the electromagnetic probe.
As we do not include in our quark core model processes where the pion or heavier mesons collectively dress the three quarks, we have interpreted the deviations of our results from data in that region as meson cloud effects not present in our model, and we proceeded to obtain their parametrization.
The meson cloud parametrization used in the present work is inspired in previous parametrizations of pion cloud effects. However, since we obtain a good description of the overall data, it can be regarded as an effective representation of all meson cloud effects (including ππN states).
In general we can say that our calculations are consistent with the data at relatively high Q 2 , the regime where the quark model is expected to work. Therefore, we also used our model to predict the observables in the high Q 2 region, projected to the Jlab 12-GeV upgrade. As other quark models, we predict that for large Q 2 : G E ≃ −G M , equivalent to the condition |A 1/2 | ≫ |A 3/2 |, although that asymptotic convergence is slow and G M + G E is still significant at Q 2 = 20 GeV 2 . Our constituent quark model is restricted to a quarkdiquark picture which may not include fully the orbital P -wave contributions to the resonance wave function. Nevertheless, this model describes the main features of the the γ * N → N * (1520) transition form factors, and the parametrizations obtained in this work may be very useful for the study of this reaction, particularly in the timelike regime [71] . 
and where the spin states |s ρ , |s λ :
for s = ± , we write
Relativistic generalization
We collect now all the prescriptions, namely Eqs. (4.10) and (4.12) , to obtain the relativistic generalization the orbital-spin states X ρ (s) and X λ (s). In addition to those prescriptions the relativistic forms of |s ρ and |s λ are |s ρ → u R (P, s)
where u R is a Dirac spinor, and U α R (P, s) is given by Eq. (4.2). The procedure was used already in previous applications [6, 33, 36] . One has, collecting all the transformations:
Here, and in the following, for simplicity we adopt the notation
, and omit also the momentum P from the labeling of the spin states.
Finally, we may re-write these states in a short-hand notation by noting that the Rarita-Schwinger vector spin is, in the rest frame [4] 
, using the state u ν ζ (s ′ ) defined by Eq. (4.14), and
We obtain then
Finally we can write the R1-state relativistic wave function as
where ψ R1 generalizes the functionψ R1 . The constant N R1 was introduced by convenience and is related to the function ψ R1 .
If we want to suppress the diquarks with internal Pstates (pointlike diquark limit), we should remove the terms in u ν ζ . By construction the wave function Ψ R1 is a solution of the Dirac equation: P Ψ R1 = M R Ψ R1 .
Normalization
The relativistic wave function, as the nonrelativistic one, is normalized by the charge condition
defined at Q 2 = 0 forP = (M R , 0, 0, 0). Note the inclusion of the index ν in order to take into account the contributions of the P -state diquarks. Using the previous definition, we obtain
with j 
we obtain the condition N 2 R1 = 1/4, or
We recover then the nonrelativistic normalization given by Eq. (A1). Note however that if we suppress the diquarks with internal P -states one obtain instead N = 1/ √ 2. That was the option considered in the study of the γ * N → N * (1535) reaction [6] .
The R3 component of the N * (1520) wave function, which corresponds to core spin 3/2, in the nonrelativistic framework, is defined as the coupled configuration 1 ⊕ 
whereψ R3 =ψ R3 (r, k), and now
where χ S s ′ is the totally symmetric spin state. To obtain the relativistic extension of the wave function R3 component, we apply the replacements for the spherical harmonics (4.10), (4.12) and the relativistic generalization of χ S s ′ given in terms of the RaritaSchwinger vector spin u β
With everything together, the relativistic wave function becomes the expression given by Eqs. (4.16)-(4.17). The last step was the replacementψ R3 → ψ R3 (P, k).
The wave function (4.16) is normalized using the charge condition equivalent to (A15), with
and leads us to the factor 1/ √ 2, in Eq. (4.17), identical to the nonrelativistic case [53] given by Eq. (B1).
The state Ψ R3 has the property P Ψ R3 = −M R Ψ R3 . The − sign is a consequence of the factor γ 5 in Eq. (4.17), which contrasts with the state R1.
Recall that
2M . To work the spin algebra we project the quark current j µ q into the isospin states defining the coefficients
In both cases we include the effect of the diquark polarization in the transition. This is done by summing the initial and final polarization vectors, and one obtains [4, 60] :
where x = P + · P − , and
As the states Ψ R1 and Ψ N are solutions of the Dirac equation and the the asymptotic states are on-mass-shell we can simplify the operatorsγ µ and O µ tô
recalling that P = 
where ∆ ασ is defined by Eq. (D5), A = − We reduce therefore the calculation of the transition current J µ N R to the calculation of γ αγµ γ σ ∆ ασ and γ αÕµ γ σ ∆ ασ , wherẽ
We start calculating
where A = 2 (MR+M) 2 +Q 2 . The previous relations are valid when projected in the statesū β (P + ) and u(P − ).
Using Eqs. (D10) we derive
where B = − (D15)
with τ = 
The previous integral is covariant, therefore the result is frame independent. We can write I β in a covariant form as
whereq β = q β − P ·q M 2 R P β , |q| = −q 2 is an invariant, and
is an invariant scalar function. In the resonance R rest frame one has the simple form
where P + = (M R , 0, 0, 0) and P − = (E N , 0, 0, −|q|), with
and |q| is given by Eq. (2.4). Combining Eq. (D17) with (D19) we can write
for i = 1, 2, 3. As there is no term in g βµ , we conclude that
As the contribution of the R1-state in the N * (1520) wave function from Eq. (4.4) is proportional to cos θ D , the helicity amplitudes and the form factors are affected by the same weight. To calculate the helicity amplitudes we start with the current (3.1):
where the spin projections are explicitly included. The sum symbol includes only the diquark polarization index (Λ) because only the isovector components of the wave functions contribute. Next we consider the projection with the photon polarization vector ǫ + (q) and ǫ 0 (q), not to be confused with the diquark polarization vectors ε ΛP . The calculations can be simplified using the Gordon decomposition for the quark current, taking advantage of the relation P − Ψ N = M ψ N and that P + Ψ R3 = −M R Ψ R3 to obtain the simplification
where we recall that P = 1 2 (P + + P − ). We note that the calculations can be further reduced since q · ǫ 0,+ = 0 and P · ǫ + = 0. Therefore we will use j − to represent the effective term
Summing in the (isovector) isospin states we obtain
using the notation from Eq. (D4).
As for the state R1-state one can separate the dependence in the radial wave function into the covariant function
The final calculation requires the use of the Dirac spinors for the final state, P + = (M R , 0, 0, 0)
and for the initial state, P − = (E N , 0, 0, −|q|):
where N q =
EN +M 2M
and |q| = |q| M+EN . The expressions for the final states are necessary because at the resonance rest frame we can represent the Rarita-Schwinger states in terms of the Dirac spinors using Eq. (A10).
For future reference we write N q in a covariant form
We consider now the amplitude S 1/2 , as defined by Eq. (2.3), using the wave functions Ψ R3 P + , k; + 
as derived from Eq. (E2). We can simplify the calculation using the relation Ψ R3 (P + , k, s
P+ MR = −Ψ R3 (P + , k, s ′ ), valid at the rest frame. The components P 0 and q 0 refer to the R rest frame
In that case Eq. (E19) is still valid with
Taking in consideration the isospin effect, one has
In these conditions we can write
